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Abstract
The Sandia Canyon Wetland is an effluent supported wetland sustained by three National Pollutant
Discharge Elimination System (NPDES) permitted outfalls. The wetland sediments contain an inventory
of chromium released from historic operations. Maintaining physical and geochemical stability in the
wetland is intended to keep the chromium inventory in its reduced trivalent state to minimize mobility
and subsequent offsite migration. Upgrades to the Sanitary Effluent Reclamation Facility (SERF)
decreased the amount of water used in nearby cooling towers, and therefore reduced the volume of
effluent discharged into the wetland. SERF provides tertiary treatment to treated sanitary effluent
creating water of improved quality to allow for additional cycles of concentration in the cooling towers.
In November 2013, a grade control structure was installed at the terminus of the wetland to provide
physical stability, to help maintain high groundwater levels in the wetland, and to maintain reducing
conditions within the wetland. A network of alluvial piezometers and surface water gages, above and
below the wetland, was used to monitor changes of hydrology and geochemistry within the wetland
that may have resulted from the decreased effluent volumes and installation of the grade control
structure. Water samples were collected from the monitoring network between November 2012 and
March 2014. Piezometer water levels showed stable groundwater elevations in the wetland while the
presence of ammonium and sulfide suggested reducing conditions were present even after the effluent
volumes decreased. The manganese, iron, and chromium concentrations in groundwater and surface
water samples further indicate that anaerobic conditions were present in the wetland. Over the
monitoring period reported in this project, the results indicate the wetland has sustained reducing
conditions to maintain the chromium inventory in the reduced trivalent state.
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Introduction
Los Alamos National Laboratory (LANL) is a research facility that is part of the Department of Energy
(DOE) complex located in northern New Mexico (Figure 1). LANL encompasses a 40 square mile area
located on the Pajarito Plateau which is comprised of tuff deposited by volcanic eruptions from the
surrounding Jemez Mountains (Department of Energy, 2010). The Pajarito Plateau is a mesa divided by
a number of canyons that drain to the east towards the Rio Grande.
The Sandia Canyon watershed is located within Technical Area (TA)-3 at LANL. The head of Sandia
Canyon is approximately 7,600 feet (ft) above sea level (asl) and extends 10.9 miles southeast where it
intersects the Rio Grande at 5,445 feet asl. The total area of the Sandia Canyon watershed is 5.5 square
miles (Department of Energy, 2010). A wetland exists in the upper portion of Sandia Canyon and is
supported by surface water flows dominated by outfall effluent discharges. Effluent discharges into
Sandia Canyon, consisting primarily of treated sanitary wastewater and cooling tower blowdown, have
occurred since the 1950’s and continue to present day (Los Alamos National Laboratory, October 2009).
The Sandia Wetland vegetation is predominantly broadleaf cattails (Typha latifola) in the saturated
sediments (Fair & Heikoop, 2006) and the entire wetland area is 2.95 acres (U.S. Army Corps of
Engineers, October 2005). Wetland soils are comprised of fine grained sediments with an estimated
60% composition of silts and clays (Los Alamos National Laboratory, June 2014).
The geologic strata under the wetland is regarded as impermeable; past investigations have shown little
evidence of significant infiltration beneath the wetland. In 2007-2008 a water balance of the wetland
was conducted and concluded that approximately 2% of the surface water entering the head of the
wetland infiltrates the underlying bedrock (Los Alamos National Laboratory, October 2009). A
geophysical survey using direct current electrical resistivity revealed that the geologic substrate beneath
the wetland consists of highly resistant welded tuffs which are mainly impermeable and support the
water balance findings (LANL, 2012). Past comparisons of surface water chemistry results above and
below the wetland demonstrated baseflow has a short residence time and there is little exchange
between surface water and groundwater within the wetland (Los Alamos National Laboratory, 2015).
Downstream of the wetland, surface water is confined to an ephemeral stream which infiltrates into the
canyon sediment before reaching the Rio Grande.
Historical effluent discharges from industrial outfalls have resulted in environmental impacts to the
surrounding ecosystem, including the release of chromium (Cr). Hexavalent chromium [Cr(VI)] was
discharged to the wetland between 1956-1972 as potassium dichromate (K2Cr2O7) which was added as a
corrosion control agent and biocide to treated sanitary wastewater used by power plant cooling towers
(Vesselinov, et al., 2013). In total, it is estimated that between 31,000 – 72,000 kg of Cr(VI) was
discharged into Sandia Canyon (Los Alamos National Laboratory, September 2007). Due to its strong
oxidizing nature, Cr(VI) was commonly used in industrial cooling towers to inhibit biological growth and
for corrosion control (Fendorf, 1995).
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Figure 1: Location of Sandia Canyon at Los Alamos National Laboratory. Map by Brad McKown, Los
Alamos National Laboratory.
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Reduced trivalent chromium[Cr(III)] is the preferred form as it is less toxic and less mobile in soils
compared to Cr(VI) (Kim & Dixon, 2002). It is estimated that 15,000 kg of the discharged Cr is contained
within the wetland in the reduced form. Past chemical analyses of the wetland sediments found that
99.7% of Cr present in the wetland exists as Cr(III) (Los Alamos National Laboratory, 2007). Down
gradient of the Sandia Wetland, a portion of the discharged Cr has infiltrated into the canyon sediments
and has reached the regional aquifer where Cr concentrations have been detected above New Mexico
Ground Water Standards and Environmental Protection Agency (EPA) drinking water standards (Los
Alamos National Laboratory, June 2014). Maintaining the existing inventory of Cr in the wetland in the
reduced trivalent state will minimize additional off-site transport or transport to the regional aquifer.
Discharges from sanitary and industrial outfalls continue to be the largest contributor of flow into the
wetland. Three outfalls (001, 03A027, and 03A199) discharge into Upper Sandia Canyon and are
permitted through the National Pollutant Discharge Elimination System (NPDES) by permit NM0028355
(U.S. Environmental Protection Agency, 2014) as required by section 402 of the Clean Water Act. Outfall
001 provides the largest volume of water discharged into the wetland and includes treated water from
the TA-46 Sanitary Waste Water System (SWWS) and discharges from the TA-3 steam plant boiler and
the TA-3 power plant cooling towers. Outfall 03A027discharges blowdown water from the cooling
towers of the Strategic Computing Complex (SCC). The SCC is a supercomputing facility that supports
the Laboratory’s Stockpile Stewardship Program. Outfall 03A199 discharges water from the cooling
towers of the Laboratory Data Communications Center (LDCC).
Figure 2 illustrates that Outfall 001 discharges substantially more water into the wetland than both
03A027 and 03A199 combined.
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SCC Started Using SERF Product Water

Figure 2: Monthly volume of effluent discharged into Sandia Canyon, January 2012-March 2014. Outfall
001 discharges include treated SWWS effluent and discharges from the steam plant boiler and power
plant cooling tower blowdown. Outfall 03A027 discharges blowdown from the SCC cooling towers.
Outfall 03A199 discharges blowdown from the LDCC cooling towers.
Flow between 2006-2011 from Outfall 001 averaged 230,000 – 300,000 gallons per day (gpd) while
combined flows from Outfalls 03A027 and 03A199 between 2007-2010 have averaged 50,000-100,000
gpd. Together these three outfalls provide sufficient flows to support and maintain the wetland (Los
Alamos National Laboratory, June 2014) and account for approximately 75% of the surface water within
the wetland (Los Alamos National Laboratory, September 2007). Discharges into the wetland create a
perennial stream reach that flows through the Sandia Wetland with designated uses of coldwater
aquatic life, livestock watering, wildlife habitat, and secondary contact (20.6.4.126 NMAC). This
constitutes an effluent dominated stream so that if the discharge was eliminated the stream would no
longer have a continuous flow.
Maintaining the high groundwater levels in the wetland is important for wetland stability and to prevent
off-site contaminant migration. However, the combined outfall discharges into Sandia Canyon have
been reduced in order to meet increasingly strict water quality standards as well as to reduce LANL’s
potable water consumption in the cooling towers.
Outfall discharge reductions have been achieved primarily from renovations and upgrades of the
Sanitary Effluent Reclamation Facility (SERF) at TA-3. Originally built in 2003, upgrades and expansion of
the SERF were completed allowing for an increase in the capacity and treatment capability of the facility.
9

In July 2012, operation of the revamped SERF facility enabled up to 110 million gallons of water to be
treated annually (Los Alamos National Laboratory, 2012). SERF provides tertiary treatment to treated
effluent from the SWWS. The water treatment methods utilized at SERF include chemical precipitation,
flocculation, microfiltration, and reverse osmosis. These treatment processes produce water of very
high quality that has low concentrations of metals, silica, organic compounds and inorganic salts (Los
Alamos National Laboratory, June 2014). Four parts of SERF product water are blended with one part
SWWS effluent and is either discharged from Outfall 001 or used in the SCC cooling towers.
The additional treatment at SERF assists with meeting more stringent water quality discharge
requirements, required by the NPDES permit, by increasing polychlorinated biphenyl (PCB) removal from
the SWWS effluent. SERF also enables LANL to reduce the amount of potable water consumed for daily
operations in the cooling towers through the removal of silica. The municipal water source for Los
Alamos County and LANL is groundwater containing naturally high levels of silica. Groundwater silica
concentrations limit the number of cycles of concentration that can be run in the cooling towers.
Scaling resulting from silica deposits reduce cooling tower efficiency and can be difficult to remove
(Metcalf and Eddy, Inc., 2003). Upgraded treatment processes of SERF remove most of the silica which
reduces scaling, increases the length of time the water can be used, and thus reduces the discharge flow
(i.e. the cooling tower blowdown). Typical concentrations of silica in the municipal water average 86
mg/L while blended SERF product water has silica concentrations ranging from 12-20 mg/L (Los Alamos
National Laboratory, June 2014). Figure 3 shows the decreased silica concentrations in water samples
collected at surface water stations above the wetland (E121) and below the wetland (E123) in Sandia
Canyon resulting from the newly implemented treatment processes at SERF.

Figure 3: Silicon dioxide concentrations in surface water above the wetland (E121) and below the
wetland (E123).
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SCC cooling towers (Outfall 03A027) started using the blended SERF product water in April 2013. LDCC
cooling towers continue to use municipal water and currently do not use any blended SERF product
water.
One of the goals of the DOE is to reduce the amount of potable water consumed for industrial
operations at the Laboratory (Department of Energy, 2010). By feeding the cooling tower higher quality
water, especially water with low silica concentrations, they can be operated at higher cycles of
concentration. This ultimately led to decreased water consumption and a reduction in discharged
effluent volumes. Use of SERF product water has resulted in a 50,000-60,000 gpd reduction of water
discharged from Outfall 001 and a 30,000-35,000 gpd reduction in flow from Outfall 03A027.
To help maintain high water levels in the wetland, as well as to prevent erosion and limit sediment
transport during storm events, a grade control structure (GCS) was constructed at the wetland terminus
(easternmost extent). Construction of the GCS initiated on 5/3/2013 and concluded on 11/27/2013
(Appendix A). The GCS includes three impervious steel sheet pile barriers which are driven down to the
bedrock below the wetland (Los Alamos National Laboratory, September 2011). The series of barriers
transition from the elevated grade of the wetland down to the stream channel. The area behind the
GCS was backfilled and planted with wetland vegetation to promote wetland expansion. The GCS was
designed for a 25 year, 2 hour precipitation event with a peak design flow of 500 cubic feet per second
(cfs) (Los Alamos National Laboratory, 2013).
The GCS prevents erosion of sediment during high flow events and is intended to maintain geochemical
stability by maintaining high groundwater levels in the wetland. Since the steel layers are impervious
and extend down to the underlying bedrock, the GCS will prevent draining of wetland and alluvial
sediments. This will help maintain groundwater levels in the wetland despite the reduced volumes
discharged from the outfalls. An elevated water table maintains saturated conditions and promotes a
reducing environment which helps stabilize the Cr inventory in the wetland. The GCS also minimizes
contaminant migration from the wetland by improving physical stability. Prior to construction, a sizable
headcut (up to 3 meters) existed at the terminus of the wetland (Los Alamos National Laboratory,
October 2009). Erosion can accelerate sediment transport and damage wetland vegetation which then
de-stabilizes the wetland. The GCS was designed to eliminate the headcut, enhance non-channelized
flow, and reduce erosion from the wetland, particularly during large flow events (Los Alamos National
Laboratory, June 2014).
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Before
After
Figure 4: The Before photo shows the active headcut that existed at the terminus of the wetland. The
After photo shows the terminus of the wetland stabilized after the Grade Control Structure was
completed.
The primary objective of this project was to determine if the decreased effluent volumes have resulted
in geochemical changes of the alluvial groundwater within the wetland. Specifically, the project aimed
to determine if the wetland Cr inventory has been maintained in its reduced oxidation state despite the
reduced inflow volumes.

Site Description
A monitoring network was installed within the Sandia Wetland to allow characterization of the water
entering, within, and exiting the wetland (Figure 5). Three gage stations in Upper Sandia Canyon enable
surface water entering and leaving the wetland to be monitored. Two main tributaries exist at the head
of the wetland. The surface water monitoring station located on the south tributary, E121, receives flow
from Outfalls 001 and 03A027, while the surface water monitoring station located on the north
tributary, E122, receives flow from Outfall 03A199. As previously mentioned, Outfall 001 discharge
volumes are larger in magnitude than both 03A027 and 03A199 combined. Subsequently, the flow
contributed to the wetland through E121 is much greater compared to E122. Gage E123 monitors
surface water exiting the wetland. Using data from all three gage stations allows for changes in flow or
water chemistry that occur within the wetland to be detected.
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Figure 5: Sandia Wetland Overview Map, (Los Alamos National Laboratory, June 2014). Map by Dave Frank, Los Alamos National Laboratory.
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Nine piezometers, each with a two foot screened interval, were installed in the wetland to create three
transects. The piezometer array allows for changes in water level or groundwater chemistry, which may
result from the reduction in flow, to be identified. Piezometers SCPZ-1, SCPZ-2, and SCPZ-3 are located
in the first transect at the western end of the wetland on a sand and gravel terrace. At this location the
ground surface is dry and a defined channel exists. Piezometers SCPZ-1 and SCPZ-2 are nested with the
top of the screens 13.8 ft and 6 ft below ground surface (bgs) respectively. SCPZ-3 is screened 3 ft bgs.
Piezometer placement in Transect 1 was designed to measure groundwater levels and chemistry near
the head of the wetland, and would be expected to be one of the first portions of the wetland to exhibit
any changes that may result from decreased outfall volumes.

Figure 6: Sandia Wetland, Transect 1 looking north.
Transect 2, piezometers SCPZ-4, SCPZ-5, and SCPZ-6, is located approximately half way down the length
of the wetland and is located at the wetland’s widest lateral extent. The top of the screens of all
piezometers in Transect 2 are 3ft bgs. This portion of the wetland is heavily vegetated with cattails and
the soil is saturated with the groundwater level at or near the ground surface. Because Transect 2 is
located at the widest portion of the wetland, this is another location where initial dewatering of the
wetland may be observed, particularly at the wetland margins (SCPZ-4 and SCPZ-6).
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Figure 7: Sandia Wetland, Transect 2 looking northeast.
At Transect 3, piezometers SCPZ-7, SCPZ-8, and SCPZ-9, the wetland is narrower than at Transect 2, but
the area is still heavily vegetated with the water table present at or near the ground surface. The tops
of piezometers SCPZ-7, SCPZ-8, and SCPZ-9 screens are located 1.6 ft, 5.3 ft, and 3 ft bgs respectively.
Transect 3 allows measurement of hydrologic changes at the eastern end of the wetland to be
identified.

Figure 8: Sandia Wetland, Transect 3 looking northeast.
Four additional piezometers were installed in a fourth transect at the eastern extent of the wetland just
upstream of the newly constructed GCS. However, water samples and measurements were unable to
be collected from these piezometers due to the presence of organic rich, fine grained substrate material
with low hydraulic conductivity.
15

Redox Processes
Outfall discharges into Sandia Canyon support wetland vegetation and influence wetland hydrology and
groundwater geochemistry. Presence of an elevated water table and saturated sediments affect
reduction-oxidation (redox) processes in the wetland. Redox processes are coupled reactions in which
electrons are transferred from one compound to another. The compound that loses an electron is
oxidized, while the compound that gains the electron is reduced (Ponnamperuma, 1972). Organic
matter in a wetland can be broken down by microbes, and provides the source of electrons transferred
through biotically mediated redox reactions. Abiotic reactions may also occur and generally involve
interactions between soil gases, water, and redox active minerals.
Specific requirements essential for reduction to occur are the presence of decomposable organic
matter, the absence of oxygen, and the presence of anaerobic microbial activity (Ponnamperuma, 1972).
Under saturated environmental conditions, soil pores fill with water causing air to be displaced and
removed. Oxygen diffusion in submerged sediments is approximately 10,000 times slower than in gas
filled pores (Inglett, Reddy, & Corstanje, 2005). Dissolved oxygen can be rapidly depleted in saturated
soils by both aerobic microbes and plant root respiration resulting in an anaerobic environment. Once
oxygen is removed, aerobic microorganisms are replaced by facultative and anaerobic organisms.
Microbes catalyze redox reactions in wetland environments through the breakdown of organic matter.
Since microbes compete for limited resources, they prefer redox processes that produce the maximum
amount of usable energy. Generally, reactions associated with the greatest energy proceed most
rapidly (McMahon & Chapelle, 2008). Dissolved oxygen generates the greatest amount of energy per
mole of organic carbon oxidized compared to the other available electron acceptors in a wetland
environment. Therefore, aerobic reactions are the fastest, while reactions which use other electron
acceptors are slower (McMahon & Chapelle, 2008). Microbes capable of respiring anaerobically
proceed to sequentially utilize the next electron acceptor that provides the most thermodynamic energy
potential. Following oxygen depletion from the system, nitrate (NO3-), manganese dioxide [MnO2 - , Mn
(IV)], ferric iron [Fe(III)], sulfate (SO42-), and then carbon dioxide (CO2) are utilized as electron acceptors
as the environment becomes increasingly reduced (Inglett, Reddy, & Corstanje, 2005). Figure 9
illustrates the sequence of reduction in an increasingly reduced environment, and Table 1 includes the
reduction reactions and the associated change in Gibbs Free Energy for each electron acceptor.
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Eh (millivolts)

Figure 9: Redox Sequence

Electron Acceptor

Reaction coupled to glucose oxidation

Oxygen
Nitrate
Manganese Dioxide

C6H12O6 + 6O2 → 6CO2 +6H2O
+
5C6H12O6 + 24NO3 + 24H → 30CO2 +12N2 +42 H2O
2+
C6H12O6 + 12MnO2 = 6CO2 + 12Mn + 18H2O
+
2+
C6H12O6 + 24Fe(OH)3 + 48H = 6CO2 + 24Fe +
66H2O
+
C6H12O6 + 4H2O → 2CH3COO + 2HCO3 + 4H2 +4H
2+
CH3COO + SO4 + 3H = 2CO2 + H2S + 2H2O
+
C6H12O6 + 4H2O → 2CH3COO + 2HCO3 + 4H2 +4H
2CH3COO + 2H2O → 2CH4 + 2HCO3

Iron Hydroxide
Sulfate

Change in Gibbs
Free Energy
(kJ/mol)
-2,879
-2,713
-1,916
-418

-207
-63
Carbon Dioxide
-207
-31
Table 1: Summary reactions for microbial respiration pathways in wetland soils (Inglett, Reddy, &
Corstanje, 2005)
Analysis of groundwater samples to measure the presence of redox sensitive compounds gives an
indication of the redox conditions in the system. In addition to the electron acceptors listed, redox
sensitive metals are capable of transforming states as an environment becomes increasingly oxidizing or
reducing. The resulting redox reactions affect the speciation and properties, including mobility, of the
constituents in the environment (Chapelle, McMahon, Dubrovsky, Fujii, Oaksford, & Vroblesky, 1995).
Reduction reactions can transform toxic elements into insoluble precipitates (Barton, Plunkett, &
Thomson, 2003). Hexavalent chromium reduction has been shown to occur within the NO3- reducing
zone in wetland soils (Masscheleyn, Pardue, DeLaune, & Patrick, 1992). Table 2 summarizes the redox
states and expected mobility for the metals: iron, manganese, and chromium. Eh-pH diagrams, included
in Appendix B, represent the speciation of an aqueous system under thermodynamic equilibrium
conditions, and can be used to approximate groundwater reduction-oxidation potential and expected
forms of redox sensitive metals present.
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Element
Chromium

Oxidized Form
Cr(VI)
More Mobile

Reduced Form
Cr(III)
Less Mobile

Fe(III)
Fe(II)
Less Mobile
More Mobile
Mn(IV)
Mn(II)
Manganese
Less Mobile
More Mobile
Table 2: Redox state and expected mobility of chromium, iron, and manganese in aqueous
environments.
Iron

Chromium
Chromium exists predominantly in the environment as either Cr(III) or Cr( VI) depending on the
environmental redox status. Hexavalent chromium is the oxidized form of Cr and exists as the chromate
anion (CrO42-) in environments above pH 6 (Bader, Gonzalez, Goodell, Ali, & Pillai, 1999). Hexavalent
chromium is toxic, soluble and binds weakly to negatively charged soil particles found in wetlands and
aquifers resulting in greater mobility compared to Cr(III) (Kotas & Stasicka, 1999). Above pH of 5.5 Cr(III)
forms precipitates of relatively insoluble oxides and hydroxides in saturated environments (McGrath &
Smith, 1990). Trivalent chromium is less soluble, less mobile and less toxic than Cr(VI) because it forms
insoluble oxides such as Eskolaite (Cr2O3). Maintaining Cr in the wetland environment in the trivalent
form will therefore minimize the potential for mobilization and off-site transport.
Hexavalent chromium is capable of being reduced to Cr(III) by organic matter, Fe (II), and S2-. Soils and
sediments with high organic carbon content have been shown to effectively reduce Cr independent of
soil pH (Bartlett & Kimble, 1976).
4CrO42- + 20H+ + 3C = 4Cr3+ + 3CO2 + 10H2O
High cation exchange capacity of soil organic matter also helps to bind the positively charged Cr(III)
species and minimize future mobilization. Soil organic matter is thought to be the dominant reductant
of Cr within Sandia Wetland resulting in Cr immobilization and minimization of migration (Los Alamos
National Laboratory, June 2014).
Hexavalent chromium can also be reduced by Fe(II). Under reducing conditions, Fe(II) is present through
the reduction of Fe(III) and through the weathering of Fe containing minerals, which include biotite,
hematite, and some clays (Richard & Bourg, 1991).
CrO42- + 8H+ + 3Fe2+ = Cr3+ + 4H2O + 3Fe3+
Hexavalent chromium has been shown to promptly and stoichiometrically be reduced by Fe(II) in
solution (Batchelor, Schlautman, Huang, & Wang, 1998) and the presence of Fe(II) is ubiquitous in many
saturated environments (Schlautman & Han, 2001). Past studies of the saturated sediments within the
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Sandia Wetland have shown that sufficient Fe(II) is present in the wetland to effectively maintain
chromium in the reduced state (Los Alamos National Laboratory, October 2009).
In addition to organic matter and Fe(II), Cr(VI) has been shown to be reduced by sulfides. The S2reduction of Cr is of importance due to the presence of reduced forms of sulfur in a wetland
environment as a result of sulfate reduction (Schroeder & Lee, 1975). Aqueous H2S as well as solid sulfur
compounds, including iron sulfide (FeS(s)) can reduce Cr(VI) to Cr(III) (Zazo, Paull, & Jaffe, 2008). The
combination of organic rich sediments, presence of Fe(II) and S2- in the wetland all contribute to
effectively reduce any Cr(VI) that may be present to reduced Cr(III).
Once Cr(VI) is transformed to Cr(III) in a reduced environment, the overall Cr mobility decreases. Cr(III)
is a positively charged ion and sorbs onto soils high in organic matter and clay content, due to their large
cation exchange capacity (Hawley, Deeb, Kavanaugh, & Jacobs, 2004), and soils containing ferrous iron
oxides. Additionally, Cr(III) can form precipitates by reacting with other compounds present in the
environment. In particular, Cr(III) can react with hydroxide (OH-) to form chromium hydroxide (Cr(OH)3)
or can co-precipitate with iron oxides and hydroxides (Rai, Sass, & Moore, 1987). These precipitation
reactions are illustrated in the following equations:
Cr3+ + 3OH-  Cr(OH)3(s)

(Blowes, Ptacek, & Jambor, 1997)

xCr3+ + (1-x)Fe3+ +3H2O  (CrxFe1-x)(OH)3(s) + 3H+

(Eary & Rai, 1988)

In addition to the abiotic reduction of Cr, biotic reduction of Cr(VI) can further accelerate reduction
reactions. Past studies have shown that soil bacteria are capable of reducing Cr(VI) to Cr(III) in both
anaerobic and aerobic environments (Bader J. L., Gonzalez, Goodell, Ali, & Pillai, 1999).
It is important to note that while trivalent Cr is less mobile than hexavalent Cr, soluble Cr(III) can exist
forming aqueous complexes with dissolved organic carbon (Davis, Kempton, & Nicholson, 1994)
(Gustafsson, Persson, Oromieh, Van Schaik, Sjostedt, & Kleja, 2014). Soluble Cr(III) – organic complexes
can be stable and resist precipitation through pH ranges of 4-14 (Puzon, Roberts, Kramer, & Xun, 2005)
and are anionic increasing the mobility of soluble Cr(III) (Icopini & Long, 2002).
Trivalent chromium has not been shown to be effectively oxidized to Cr(VI) in the environment by
oxygen (O2) (Eary & Rai, 1987). However, higher valent manganese oxides have been shown to be
capable of oxidizing Cr(III) which creates the potential of Cr(VI) formation if oxidized forms of Mn are
present (Rai, Eary, & Zachara, Environmental Chemistry of Chromium, 1989).
3MnO2 + H2O + 2Cr3+ ↔ 3Mn2+ + Cr2O72- + 2H+

(Saleh, Parkerton, Lewis, Huang, & Dickson, 1989)

If reduced precipitated Cr compounds, including Cr(OH)3, are prevalent, the oxidation potential posed by
oxidized Mn compounds become diminished. Formation of precipitates beneficially serve as a redox
stable sink for potentially oxidizable soluble Cr(III) and impedes the interaction of any Cr(III) with MnO2
thereby preventing the formation of Cr(VI) (Fendorf, 1995). Maintaining reducing conditions
throughout the wetland will prevent the oxidation of Cr(III) to Cr(VI) and maintain Cr(III) stability.
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Nitrogen
The form of nitrogen present in a wetland environment is a direct indicator of redox conditions. In an
aerobic environment, oxidized forms of NO3- or nitrite (NO2-), are expected to be present while under
anaerobic conditions, the reduced form of nitrogen, ammonium (NH4+), is expected.
Nitrate is formed in oxic environments through the two step process of nitrification. Nitrification begins
with the ammonium ion, which is present mainly due to the mineralization of organic matter. First,
ammonium is oxidized by the Nitrosomonas bacteria to produce NO2-, then the NO2- is utilized by the
Nitrobacter bacteria to produce NO3- (Eby, 2004).
NH4+ + 1.5O2  NO2- + H2O + 2H+
NO2- + .5O2  NO3In reducing environments, NO3- is reduced to nitrogen gas (N2) through denitrification or reduced to
ammonium through dissimilatory nitrate reduction to ammonium (DNRA). Denitrification can be carried
out by a number of taxonomically diverse bacteria (Knowles, 1982) that utilize nitrogen oxides as their
terminal electron acceptors to carry out their metabolic processes in an environment with limited
oxygen supplies (Korom, 1992). The product of the denitrification process is N2(g) which is generally
considered to be biologically inert. Nitrogen gas from the denitrification process will eventually be
stripped from solution and escape to the atmosphere (Drever, 1997).
5C + 4NO3- + 4H+ = 2N2(g) + 5CO2 + 2H2O
Presence of flooded, anaerobic sediments and an available carbon source, provided by wetland
vegetation, enable the denitrification process to occur in wetland environments (Baker, 1998).
Another pathway for the reduction of NO3- in a reducing wetland environment is through DNRA.
Through the DNRA process, NO3- is transformed first to NO2- then to NH4+ by anaerobic bacteria (Silver,
Herman, & Firestone, 2001). Nitrate reduction through DNRA is not as significant as denitrification in
groundwater systems (Apello & Postma, 1994). By observing concentrations and spatial and temporal
trends of nitrogen forms present throughout the wetland, it can be inferred that reducing or oxidizing
conditions are dominating. Ammonium is expected to accumulate in anaerobic conditions (Hefting, et
al., 2004) while NH4+ is transformed by nitrifiers into NO3- under aerobic conditions (Pett-Ridge, Silver, &
Firestone, 2006).
In addition to DNRA, NH4+ can be formed in a wetland environment through the mineralization of
organic matter. If conditions are reducing, the NH4+ will remain unchanged but if conditions are
oxidizing the ammonium will be converted to NO3-. Accumulation of NH4+ in a wetland environment can
be constrained by uptake from wetland vegetation.

Manganese
As the aquatic environment becomes more strongly reducing and all the NO3- is consumed, manganese
(Mn) will be reduced from Mn(III) or Mn(IV) to Mn(II) (Schaetzl & Anderson, 2005). Reduced Mn is
soluble and exhibits greater mobility in aqueous environments compared to oxidized Mn species.
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Manganese can be reduced by several groups of bacteria, many of which are facultative organisms that
can also utilize NO3- and O2 as the electron acceptor (Nealson & Saffarini, 1994). The Mn(IV) reduction
reaction with acetate as the carbon source is illustrated in the following equation:
CH3COO- + 4MnO2 + 3H2O → 2HCO3- + 4Mn2+ + 7OH-

(Canfield, Kristensen, & Thamdrup, 2005).

Manganese oxides can also be reduced abiotically through interactions with Fe(II) and NO2- (Apello &
Postma, 1994) (Reddy & DeLaune, 2008).
2Fe2+ + MnO2 + 4H+ ↔ 2Fe3+ + Mn2+ + 2H2O
MnO2 + NO2- + 2H+ = Mn2+ + NO3- + H2O
Microbial Mn reduction has been shown to be more rapid than abiotic reduction (Reddy & DeLaune,
2008). Manganese oxides can form from Mn(II) if conditions become more oxidizing, but dissolved
Mn(II) is capable of remaining in solution in the presence of O2 until microbes oxidize the Mn(II) present
(Nealson & Saffarini, 1994). Manganese oxidation results in the formation of insoluble solid phase MnO2
(Canfield, Kristensen, & Thamdrup, 2005).
2Mn2+ + O2 + 2H2O → 2MnO2 + 4H+
Reduced forms of Mn complexed with organic matter can also inhibit the oxidation process. Manganese
cycling within the wetland environment is of particular importance since Mn(IV) oxides are the only
compound likely present in a wetland that can oxidize Cr(III).

Iron
Iron (Fe) reduction follows Mn(IV) reduction as conditions become more reducing. The cycling and
speciation of Fe in aquatic environments is dependent on the redox conditions present. In a reduced
environment, ferric iron [Fe (III)] is converted to ferrous iron [Fe (II)]. The process can be induced
biotically or abiotically as the reduction of Fe(III) oxyhydroxide (Drever, 1997).
C(organic) + 4Fe(OH)3 + 8H+ = CO2 + 4Fe2+ + 10H2O
Ferrous iron is soluble, mobile in groundwater, and can result in high Fe concentrations in groundwater
(Chapelle F. H., 2001). If conditions are reducing enough to produce sulfides, Fe(II) may precipitate as
FeS(s) effectively removing dissolved Fe(II) from solution (Weiner, 2008).
In oxidizing environments, Fe(II) is oxidized to Fe(III) forming iron oxyhydroxides (Chapelle F. H., 2001).
4Fe2+ + 4H+ + O2 → Fe3+ + 2H2O
Fe3+ + 3H2O → Fe(OH)3 + 3H+
Fe(III) hydroxides are generally insoluble above pH 4 (Roden & Wetzel, 2002). The precipitated iron will
coat soil particles and fill interstitial pores and may decrease the aquifer’s hydraulic conductivity if the
iron concentration is sufficiently high. Iron mobility in groundwater is dependent on the redox status of
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the environment. Higher concentrations are expected to be found in a reducing environment while
lower concentrations are expected in more oxidizing environments as insoluble iron hydroxides are
formed.

Sulfur
Sulfur has multiple oxidation states that may occur in aqueous solution including sulfides [S(-II)],
elemental sulfur [S(0)], and oxidized forms of sulfite [S(IV)] and sulfate [S(VI)]. Sulfur exists as hydrogen
sulfate (HSO4-) and sulfate (SO42-) in oxidizing environments and hydrogen sulfide (H2S (aq)) and bisulfide
(HS-) in strongly reducing environments (Eby, 2004). Reduction of SO42- occurs in strongly reducing
organic rich environments and is conducted by a variety of obligate anaerobic bacteria genus such as
Desulfo vibrio (Jorgensen, 1982) (Eby, 2004).
SO42- +2CH2O(aq) + H+  HS- + 2CO2 +2H2O
In reduced environments with pH values greater than 7, HS- will form, while H2S(aq) will form in acidic
environments (Drever, 1997). Sulfate can also be reduced by complexing with ferrous iron precipitates
to form iron pyrite (FeS2(s)).
Sulfate reduction consumes a hydrogen ion and results in an increase of alkalinity. Due to potential
formation of sulfide precipitates, absence of observable sulfide (S2-) concentrations does not mean SO42reduction is not occurring in wetland environments (Chapelle, McMahon, Dubrovsky, Fujii, Oaksford, &
Vroblesky, 1995).
Sulfide oxidation can occur in a wetland environment only under oxidizing conditions. Members of the
genus Thiobacillus are capable of oxidizing S2- but only in the presence of oxygen as they are obligate
aerobes (Chapelle F. H., 2001). The oxidation of reduced forms of sulfur, including pyrite, results in the
production of sulfoxy anions that further oxidize into SO42-. The following equation depicts the oxidation
of pyrite (including the additional oxidation of ferrous to ferric iron) to sulfate:
FeS2 + 3.75O2 + 3.5H2O → Fe(OH)3 + 2SO42- + 4H+

(Apello & Postma, 1994)

The oxidation of S2- will result in an increase in the SO42- concentration in the groundwater and will
increase acidity. Since SO42- reduction to S2- requires strongly reduced conditions (Eh < -.1 volts),the
subsequent S2- oxidation to SO42- is one of the first redox reactions to occur and is an early indicator of
an environment becoming increasingly oxidizing.

Colloids in Groundwater
Filtration of groundwater samples is used to differentiate between total concentration and dissolved
concentration of a particular analyte. However, if the filter pore size is not small enough to remove
colloids present, the dissolved load can be overestimated. Soil colloids are defined as particles less than
10 µm in diameter and can be suspended in groundwater and soil pore water (Stumm & Morgan, 1996),
however, as a practical matter any particle that will not settle and remains in suspension can be
considered a colloid. Colloids ranging from 0.1-2 µm in diameter are considered to make up the most
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mobile particle size in porous media (Puls & Powell, 1992). Furthermore, past studies have shown that
organic macromolecules and the smallest inorganic soil colloids have passed through 0.015 µm filters
(Ryan & Gschwend, 1990).
Anoxic conditions, commonly found in wetland environments, can also lead to an increase in the
mobilization of colloids in groundwater (Ryan & Gschwend, 1990). Colloids have a large surface area to
volume ratio which leads to the potential for significant amounts of sorption with other constituents
present in the aquatic environment (Fitts, 2002). Water samples collected in the Sandia Wetland for this
project were filtered through 0.45 µm filters creating the potential for the presence of colloids.
Colloids present in groundwater samples are often sub-micron clay particles or Fe hydroxides. Trivalent
chromium may be associated with both materials either as Cr(III) ions sorbed to the particle surface or
as insoluble Cr-oxide phase present as a surface precipitate. Thus, although analysis of a filtered water
samples may show the presence of Cr, the possibility that it is actually in a colloidal form should be
considered.

Methodology
Because the Sandia Wetland has an inventory of reduced Cr bound to the soils, there was concern that
reduced effluent discharges to the wetland would cause a drop in groundwater elevation. Lowering of
the alluvial water table could result in oxidizing conditions in wetland soils and subsequent release of Cr
to the environment. To determine if the reduction in outfall volumes has caused any measurable
dewatering and potentially resulted in more oxidizing conditions throughout the wetland, the wetland
hydrology and geochemistry was analyzed. Piezometer and surface water samples considered in this
report were collected quarterly between November 2012 and March 2014. Appendix A depicts the
project timeline. In July 2012, SERF came online and on April 9th, 2013 the SCC initiated the use of
blended SERF product water which resulted in less potable water consumption and a reduced volume of
effluent being discharged into the wetland. Construction of the GCS began in early May 2013 and was
completed by the end of November 2013. Two sampling rounds occurred before the SCC initiated use
of SERF product water. These two samples allow any immediate impacts to the wetland from the
effluent reduction to be identified through comparison with the samples that followed. The last
sampling round was collected in March 2014, approximately four months after the GCS was completed.
Water samples were analyzed at LANL by the Geochemistry and Geomaterials Research Laboratory.
Throughout the 2013 field season AquaTroll 400 Multiparameter Instruments (sondes) were deployed in
many of the alluvial piezometers to record groundwater elevations. The Aqua Troll sondes were
removed from the piezometers over the winter months to avoid damage from cold temperatures.
Groundwater elevation measurements allow any changes in alluvial water table levels to be identified.
Analysis of water quality data allow detection of changes in hydrology or geochemistry resulting from
the reduced effluent volumes. The sampling suite included results for the specific forms of nitrogen
(NH4+, NO2-, and NO3-) and sulfur (SO42- and S2-) present. These results indicate how reducing the
environment was throughout the wetland over the entire temporal span of the project. Filtered Mn, Fe,
and Cr results were also included in this project to determine if there was any impact on these redox
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sensitive metal concentrations from the reduced inflow volumes. The Mn and Fe results did not include
any speciation, but by referencing the corresponding nitrogen and sulfur species present at that location
and time along with the Eh-pH diagrams (Appendix B), the specific form of Mn and Fe can be estimated.
Four of the five quarters of sampling for Cr were for filtered Cr, but the March 2013 sampling round
speciated the Cr into Cr(III) and Cr(VI). These speciated results can help confirm determinations made in
the other quarters by referencing the nitrogen and sulfur results. For this project Mn was chosen as one
of the key monitoring parameters due to the fact that manganese oxides are the only component known
to be capable of oxidizing Cr(III). Iron was chosen to be included because of its role as a dominant
reductant of Cr in aqueous environments.
Data for dissolved silica were included because the additional treatment at the SERF removes much of
the silica present in the public water supply and represents a way to trace interaction with surface water
and groundwater within the wetland. Water chemistry results from E121 were included since the
majority of the water volume discharged into the wetland from the outfalls passes through this gage
station. Water chemistry results from gage station E123 were included due to its location downstream
of the wetland which serves as a good monitoring location for determining overall wetland
performance.
Low detectable levels and/or the absence of NO3- and NO2-, and presence of NH4+ in the water samples
would indicate that reducing conditions are present. Low detectable levels and/or the absence of SO42and the detection of S2- in the water samples would indicate that the environment is significantly more
reduced due to the low Eh values necessary to enable SO42- reduction. Because water chemistry results
for the metals (Mn, Fe, and Cr) are concentrations measured in filtered samples, the actual species
present in the wetland can be inferred by using results of redox sensitive compounds such as sulfur and
nitrogen. Evaluating the temporal trends in the water chemistry results will identify any perturbations
which may arise from the reduced effluent volumes, change in water chemistry of the outfall discharges
due to SERF, or from the installation of the GCS.

Results
Groundwater elevation results are presented for the 2013 field season. Surface inflows measured at
gage stations E121 and E122 are included on the groundwater elevation graphs for reference. Water
chemistry results are presented in time series plots. Presenting the information over the entire time
period of the project helps to elucidate changes in water chemistry that may result from the reduced
effluent volumes. Figures include both surface water results from the gage stations (E121 and E123) and
groundwater results from the alluvial piezometers (SCPZ-1-9). Surface water data presented has been
collected from baseflow entering and exiting the wetland. Storm water results are not included in the
data set.
The graphs have been arranged to represent the spatial distribution of the monitoring network within
the wetland. E121, measuring wetland inflow, results are at the top left of the figure. Piezometer
results are presented in the middle of the figure with the piezometers grouped by transect. The graph
at the bottom right hand of the figure includes both E121 and E123 surface water results to allow for
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comparison. For reference, all graphs include a line establishing the date effluent flows discharged into
the wetland were decreased (when the SCC starting using SERF water) and another marking when the
GCS was completed.
Water Level
AquaTroll sondes continuously recorded piezometer water level elevations and were deployed between
April 4, 2013 and November 19, 2013. The sonde deployed in SCPZ-1 malfunctioned over the course of
the experiment and the data was not included. SCPZ-7 did not have a sonde installed due to the fine
grained nature of the sediments in that area. SCPZ-5 and SCPZ-9 only recorded data from April through
July because they were lost in a flood event which prohibited the full period of record being available.
Figure 10 displays the water level results and includes the inflow volumes measured at gage stations
E121 and E122.
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Figure 10: Piezometer groundwater elevations, 2013 field season.
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Groundwater elevations throughout the 2013 field season showed stable groundwater levels in the
wetland. This is important as it demonstrates that reduced effluent volumes have not resulted in lower
alluvial groundwater levels. The fact that piezometer water levels have remained stable and saturated
conditions have been maintained demonstrates that one of the objectives of the GCS, maintaining high
groundwater levels, was met. The sustained water levels from the first transect (SCPZ-1-3) and from
SCPZ-4 and SCPZ-6 are particularly important. If dewatering of the wetland does occur, these are the
locations expected to first display changes due to the location on the western end of the wetland (first
transect) and on the margins of the widest portion of the wetland (second transect, SCPZ-4 and SCPZ-6).
SCPZ-9 data does show a slight drop in water level, but this is thought to be influenced by the
construction of the GCS which occurred just down gradient of Transect 3. Stable groundwater levels
throughout the piezometer array indicate that the construction of the grade control structure has
functioned to successfully maintain alluvial groundwater levels.
Nitrogen
Figure 11 shows nitrogen results from the wetland water samples. Surface water quality data include
the NO3- results as the surface water NH4+ results were mostly non-detect since NH4+ is rapidly converted
to NO3- in oxygenated surface water.
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Figure 11: Nitrogen Results

Ammonium was detected at all nine piezometers and all three transects during each sampling round.
The NH4+ present could have been formed through organic matter mineralization or DNRA. Presence of
NH4+ indicates reducing conditions exist throughout the wetland over the entire time period of the
project. Piezometer NH4+ results ranged from 0.5 - 2.4 mg/L. Elevated NH4+ concentrations are not
expected in a wetland environment due to nutrient uptake by the vegetative community.
Concentrations of NH4+ do not decrease in the wetland through the time series. Measureable
concentrations of NO3- were only detected in three groundwater samples over the entire sampling
period and these were at low concentrations. The last quarter of sampling at SCPZ-1,2, and 5 measured
NO3- concentrations of 0.04, 0.02, and 0.04 mg/L respectively. The two highest NO3- detections (both at
0.04 mg/L) also corresponded with two of the highest measurable concentrations of NH4+ (SCPZ-1 and
SCPZ-5). All of the NO2- results were non-detect in the alluvial groundwater which is expected in a
reducing environment.
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Sulfur
Figure 12 displays the SO42- water chemistry results. In general, SO42- concentrations in surface water are
larger than the groundwater results which is expected in oxygenated surface water. The Quarter 1
sample at SCPZ-7 had a large SO42- value of 91.56 mg/L which appears to be an outlier when compared
to the values from the other transects. Additionally, S2- was detected from the Quarter 1 sample at
SCPZ-7, further questioning the validity of the large SO42- value. The remaining SO42- groundwater values
ranged from 0.03 to 30.70 mg/L with a number of results reported as non-detectable. SCPZ-5,6, and 8
display the lowest SO42- values throughout the sampling events. Piezometer results show no indication
the wetland is becoming more oxidizing through time because the successive sampling rounds do not
demonstrate increasing SO42- concentrations.

Figure 12: Sulfate results
Figure 13 displays the locations and sampling rounds S2- was detected. It reveals prevalence of S2- in all
of the piezometers in most sampling quarters as S2- detections occurred in 80% (32/40) of the
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groundwater samples. It is important to note that S2- detections do not decline with time, indicating the
wetland is not becoming oxidizing. Sulfide detections in the first transect (SCPZ-1-3) confirm strong
reducing conditions exist in the alluvial groundwater even though the water table is not at ground
surface and this part of the wetland is on a sand and gravel terrace. Sulfide found in the groundwater
samples are thought to underestimate the total amount of reduced sulfur present within the wetland
since S2- precipitates are expected to be present in the wetland sediments. Presence of S2- in the
groundwater samples is important because SO42- reduction occurs at a much lower redox potential than
denitrification.

Figure 13: Sulfide groundwater detections, November 2012 – March 2014
Manganese
Manganese water chemistry results are shown in Figure 14. Measureable Mn concentrations in the
surface water samples were much lower than was detected in the alluvial piezometers. This is to be
expected when reducing groundwater conditions are present. Piezometer Mn concentrations ranged
from 116 – 2,162 µg/L with SCPZ-2,3, and 4 having the lowest concentrations. Piezometer results do not
show evidence of declining concentrations over time. This indicates that Mn present in the wetland is
not being oxidized. The presence of increased Mn concentrations in wetland samples provides further
evidence to support the hypothesis that strongly reducing conditions are present in wetland
groundwater.
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Figure 14: Manganese results

Iron
The Fe water chemistry results, displayed in Figure 15, are similiar to the Mn results which is expected
since both metals have similar redox chemistry. Measurable Fe concentrations in surface water samples
were less than were detected in the alluvial piezometers. This is expected in a reducing wetland
environment. Piezometer Fe concentrations ranged from 602 – 7,911 µg/L with SCPZ-2,3, and 4 having
the lowest concentrations, like Mn. The Fe groundwater results do not show any evidence of decreasing
concentrations throughout the five sampling quarters and give no indication that oxidation of dissolved
Fe(II) to less mobile Fe(III) is occurring. The presence of increased Fe concentrations provides further
evidence to support the hypothesis that strongly reducing conditions are present in wetland
groundwater throughout the project.
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Figure 15: Iron results

Chromium
Wetland Cr results are presented in Figure 16. The results show larger groundwater concentrations than
surface water concentrations which can be expected as an inventory of Cr has been identified in the
wetland sediments, and little interaction between surface water and groundwater has been
demonstrated within the wetland. Piezometer graphs show the lowest Cr concentrations are found in
SCPZ-1, 4, 5, 6, and 8. There is no apparent trend of increasing concentrations over the five sampling
quarters. Considering Cr (VI) is more mobile than reduced Cr(III), the results do not indicate that Cr is
being oxidized within the wetland. Also, the second quarter of sampling (March 2013) included analysis
of Cr speciation. Hexavalent chromium was non-detect in all piezometers and E123 supporting the
hypothesis that the Cr detected in filtered water samples is reduced Cr(III). The E123 results show that
some Cr is leaving the wetland, but the concentrations detected may be attributable to colloidal Cr(III)
or soluble Cr(III). This hypothesis may be worth investigating in the future.
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Figure 16: Chromium results

Dissolved Silica
Dissolved silica (SiO2) results for both the surface water gage stations and alluvial piezometers are
presented in Figure 17.
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Figure 17: Dissolved silica results
While SiO2 is not a redox indicator, it was included in the project to see if lower concentrations entering
the wetland, resulting from additional treatment at SERF, were also exhibited in the alluvial
groundwater. Water quality data do not show any clear declining trend of SiO2 levels over the five
sampling quarters. The graph showing the comparison of E121 and E123 shows similar trends of SiO2
concentrations in the water entering and leaving the wetland. Corroborating with past analysis, these
results suggest that there is little groundwater and surface water interaction and that surface water has
a relatively short residence time in the wetland.
Total Organic Carbon and pH
Groundwater results for total organic carbon (TOC) and pH are shown in Figure 18. As expected due to
the vegetation growth within the wetland and subsequent decay, elevated TOC concentrations exist
throughout the wetland. TOC values ranged from 3.39 – 9.17 mg/L. Measured pH values across the
three transects were near neutral with values ranging from 6.56 – 8.29. Soluble organic carbon is a good
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substrate that will support aerobic and anaerobic microbial growth. High concentrations of TOC will
cause oxygen depletion and subsequent establishment of reducing conditions in an aqueous system,
and this mechanism is largely responsible for the reducing conditions present in the Sandia Wetland.

Figure 18: Total organic carbon and pH results

Fe/Cr Ratios
The oxidation of Cr by MnO2 and reduction of Cr by Fe(II) reactions were combined in past investigations
of the Sandia Wetland to determine the stability of the Cr inventory in the wetland sediments (Los
Alamos National Laboratory, October 2009) .
3MnO2 + Cr(OH)3 + 3Fe2+ + 4H2O = 2H+ + 3Mn2+ + CrO42- + 3Fe(OH)3
The equation above states that when 3 moles of Fe(II) are present for every mole of Cr(III) present, Cr(III)
stability is expected. Using groundwater results from the five quarters of data collected, concentrations
of both Fe and Cr (µg/L) were converted to moles using the atomic mass of Fe and Cr, 55.845 and 51.996
respectively. The resulting molar ratios of Fe to Cr are presented in Figure 19.
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Figure 19: Iron and chromium groundwater molar ratios
Ratios ranged from 16 – 1,315 suggesting that sufficient Fe is present throughout the wetland to
effectively maintain the Cr(III) inventory in the reduced state. It is important to note that the Fe
concentrations and the Cr concentrations (except for the March 2013 sampling round) used in this
calculation did not include speciated values. However, because S2- results suggest the wetland is
strongly reducing over the five quarters and by referencing the redox ladder, it is expected that Fe(II)
and Cr(III) are the dominant oxidation states.
E123 Results
E123 is located downstream of the wetland and water samples collected at this location are indicative of
wetland performance. Water chemistry results at E123 reflect consequences of processes occurring
within the wetland. Because Cr and the other metals included in this project (Fe and Mn) behave
inversely in redox environments, concentrations of these metals detected leaving the wetland can be
used to determine the cause of their presence. Separate crossplots generated for Cr/Fe and Cr/Mn
allow for additional analyses. If a positive correlation exists in the crossplots, colloids could be the cause
while if a negative correlation results, redox reactions within the wetland could be the impetus. Figure
20 displays a crossplot of Fe and Cr concentrations detected in surface water results at E123 from the
seven most recent sampling events.
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Figure 20: E123 chromium and iron crossplot
The Cr/Fe crossplot exhibits a positive correlation with an R2 value of .8014. Figure 21 shows the
crossplot of Cr and Mn concentrations detected in surface water results at E123. Like the Fe results, Mn
concentrations correspond with the Cr results but with a weaker correlation with an R2 value of .4211.

Figure 21: E123 chromium and manganese crossplot
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Both Fe and Mn are more soluble under reducing conditions whereas Cr is less soluble. Since the Fe and
Cr and Mn and Cr graphs display positive correlations over time, the results are not likely the result of
redox reactions in the wetland but may indicate presence of colloidal Cr(III).

Discussion
Groundwater elevations were found to be stable in the wetland throughout the 2013 field season even
though effluent discharges were decreased (starting in April 2013). Groundwater elevations in Transect
1 (SCPZ-1,2, and 3) and SCPZ-4 and SCPZ-6 are of particular interest due to their location at the head
and on the margins of the widest section of the wetland. These locations would be expected to dewater
first if impacted by the reduced effluent volumes but show no indication this has occurred. Sustaining
groundwater level elevations throughout the wetland is important to maintain reducing conditions, and
this result documents the effectiveness of the GCS.
Water quality results also indicate the wetland is maintaining its reduced state despite decreased
effluent flow to the wetland. The presence of elevated NH4+ concentrations and low concentrations of
NO3- show that the aqueous environment in the wetland is reducing. Also, because the NH4+
concentrations do not exhibit a declining trend as the time series plots proceed, there is no indication of
oxidizing conditions emerging. Groundwater S2- results provide further evidence the wetland is in a
highly reduced state and give no indication that the wetland is becoming less reduced. The fact that S2was detected frequently (in 80% of groundwater samples), in all three transects, and does not show
evidence of being removed from the wetland over time suggests reducing conditions have been
maintained. The S2- results are important because if the environment was to become more oxidizing, S2detections would be expected to become less prevalent before other indicators since S2- is low on the
redox ladder requiring more reducing conditions to be stable.
The fact that SO42- reduction requires a more strongly reducing environment (i.e. lower redox potential)
than is required for Fe and Mn reduction, the Fe and Mn detections are thought to be of the reduced
Fe(II) and Mn(II) forms. Iron results do not suggest the wetland is becoming oxidized because a
declining trend in Fe concentrations is not exhibited suggesting the Fe is present and has been
maintained in the dissolved Fe(II) form. Similar to the Fe results, the Mn concentrations detected are
likely dissolved Mn(II) and because the Mn concentrations do not decline through time, indicates Mn is
not becoming oxidized to less mobile Mn(IV). Establishing Mn concentrations detected in the wetland
are Mn(II) is important because only oxidized forms of Mn (MnO2) have been shown to effectively
oxidize Cr(III).
Measured pH values used in conjunction with the sulfide detections in groundwater results allow for
approximation of reduction-oxidation potential, Eh, and expected forms of redox metals throughout the
wetland. Groundwater pH values of samples with sulfide detections ranged from 6.56 to 8.29.
Referencing the Eh-pH diagrams (Appendix B) over the measured range of pH values results in Eh values
of approximately -.15 to -.5 volts. The expected forms of Fe and Mn over this Eh range are Fe(II) and
Mn(II),consistent with the characteristics of the time series plots.
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Presence of Fe(II) is meaningful since it is an important reductant of Cr. The groundwater Fe/Cr molar
ratio results throughout the wetland determined sufficient Fe concentrations are present to maintain
Cr(III) stability. The determination that 3 moles of Fe(II) is required for every mole of Cr(III) to maintain
Cr(III) stability is also considered a very conservative calculation since it does not factor in the reduction
of Cr by organic matter, which is also capable of reducing Cr and is present at high concentrations
throughout the wetland. A past study conducted in the Sandia Wetland analyzed sediment samples
from the saturated portion of the wetland and found that the Fe(II)/Cr(III) molar fraction ranged from
765 -87,000 in the four samples taken (Longmire, Dale, & Granzow, 2013). Considered together, it
appears reduced forms of Fe have been and continue to exist in ample concentrations to effectively
maintain Cr reduction.
Chromium results also indicate the wetland has maintained a reduced state. Wetland groundwater
chemistry results exhibited measureable concentrations of Cr throughout the sampling period.
However, these results do not infer that the Cr concentrations measured are reflecting Cr(VI), which
would indicate the presence of oxidizing conditions. Chromium concentrations do not increase during
the study period suggesting oxidation to the mobile Cr(VI) form is not occurring. Considering past
studies have shown that Cr(VI) reduction occurs in the NO3- reducing zone (Masscheleyn, Pardue,
DeLaune, & Patrick, 1992), and that the Sandia Wetland has been shown to be in the SO42- reducing zone
throughout the sampling period, suggests that Cr detected is the trivalent form. Groundwater Eh values
throughout the project ranged between -.15 to -.5 volts, and the Cr concentrations detected are likely
Cr(III) present as relatively insoluble oxides and hydroxides. Reduced Cr detected in water samples
could be attributed to the presence of colloids or the detection of soluble Cr(III) which has been shown
to persist in organic rich environments. The March 2013 sampling round revealed no detectable Cr(VI)
in the piezometers or E123 which further points to any Cr detected within the wetland being Cr(III). The
past study of the Sandia Wetland (Los Alamos National Laboratory, 2007)established that over 99.7% of
the Cr in the wetland existed as Cr(III), and the recent 2013 Cr(VI) non-detect results substantiate the
earlier results and confirm that reducing conditions are being maintained.
Water sample results from E123 show Cr, Fe and Mn have been transported from the wetland in surface
water. However, due to the positive correlation exhibited between the Fe/Cr and Mn/Cr
concentrations, detections do not appear to be the result of Cr(III) oxidation and subsequent dissolution
in the wetland. If the concentration of Cr and Mn or Fe was the result of oxidation within the wetland,
negative correlations between Cr and Mn and Fe would be expected. Past analysis within the Sandia
Wetland conducted filtering of water samples through successively finer filter membranes (0.45, 0.2,
0.02 µm). Results of this previous study found that smaller filter sizes resulted in decreased Cr
concentrations (Los Alamos National Laboratory, October 2009). These results demonstrate the
presence of colloids in the water samples likely as Cr(OH)3 and Cr adsorbed onto clay particles or iron
oxides. If filter sizes finer than 0.45 µm were used in the five quarters of samples for this project,
smaller Cr concentrations would be expected.
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Conclusion
The components of the monitoring network within Sandia Canyon, including surface water gage
stations, alluvial piezometers, and the timing of the five sampling events enabled identification of any
perturbations that may result in geochemical changes stemming from reduced effluent volumes.
Installation of the GCS has successfully upheld conditions conducive to a reducing environment as
groundwater elevations have been sustained over the monitoring period. Water chemistry analysis,
including the presence of reduced forms of nitrogen and sulfur, further confirm reducing conditions are
being successfully maintained throughout the wetland. The absence of Cr(VI) in the March 2013
sampling round and the abundance of Fe, presumably as Fe(II), indicates the Cr concentrations detected
within the wetland are in the reduced trivalent state. While the Cr(III) detected could be attributed to
either colloids or soluble trivalent Cr, reduced conditions assist the Sandia Wetland to function as a sink
for Cr and minimize future off-site transport by preventing oxidation to Cr(VI). Results of this project
show the wetland has maintained geochemical stability and has maintained the Cr inventory in the
reduced state even though the effluent volumes discharged into the wetland have been diminished.

Future Work
Monitoring of environmental conditions within the wetland has continued past the time period included
in this report. Results continue to indicate that elevated groundwater levels are being sustained, the
wetland remains strongly reducing, and Cr concentrations detected at E123 have decreased likely
resulting from the stabilization provided by the GCS.
Future monitoring within the wetland will enable any perturbations in redox status to be detected. Past
wetland research, including this report, has established the stability of the Cr inventory. Further
monitoring of wetland alluvial groundwater levels will confirm if sufficient water volumes are being
provided to maintain hydrologic conditions required for a reducing environment. Paring down the
water chemistry analytes included in future analysis could be achieved while still monitoring the
effectiveness of the wetland. Monitoring sulfur and Fe groundwater results will enable Eh to be tracked
and speciated Cr results, particularly at E123, will confirm if the wetland is adequately maintaining the
Cr inventory in the reduced state. Monitoring of these parameters will allow detection of initial
oxidation, if it were to occur, within the wetland. Additional future studies to determine if the Cr(III)
detected is reduced soluble Cr complexed with organics or colloidal Cr(III) would further the
understanding of the Cr inventory within the wetland.
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Appendix A – Project Timeline

Sandia Canyon Wetland Timeline
November 2012
Quarter 1 Sample Collection
July 2012
Piezometer
Installation and
Initial Testing

July 2012
SERF Began Full Scale
Operation

May 8, 2013
Natural Water Flow Diverted
for GCS Construction

April 09, 2013
SCC-Outfall 03A027 Initiated
Use of SERF Product Water

May 3, 2013
GCS Construction Begins

March 2013
Quarter 2 Sample Collection

July 2013
Quarter 3 Sample Collection

September 2013
Water Diversion Ceased, GCS
Began Backing Up Water

September 10-14
Large Precipitation Event

March 2014
Quarter 5 Sample Collection

November 27, 2013
GCS Construction Activities
Were Completed

November 2013
Quarter 4 Sample Collection

Appendix B – Eh – pH Diagrams
Source for all diagrams: (National Institute of Advanced Industrial Science and Technology, 2005)

